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STUDY OF THE USE OF TEBMINAL CONTROL TECHNIQUES FOR 

GUIDANCE DURING DIRECT AND SKIP ENTRIES FOR A 

CAPSULE-TYPE V E H I C U  AT PARABOLIC VELOCITY 

By John W. Young 

SUMMARY 
14 3 

This report describes a guidance system, based on terminal control tech- 
niques, which was developed t o  control a capsule-type vehicle from parabolic 
entry conditions t o  desired terminal conditions. 
of three separate portions of a precomputed reference t r a j ec to ry  t o  obtain range 
control fo r  the vehicle. 
greater  than about 4,200 internat ional  nautical m i l e s  from the i n i t i a l  entry 
point. 

The guidance system makes use 

A skip maneuver i s  u t i l i zed  t o  obtain desired ranges 

Results of the study a r e  presented which describe the  operation of the 
system f o r  a number of desired terminal conditions and a var ie ty  of off-nominal 
i n i t i a l  entry conditions. 
a t ion  of the system i n  nonstandard atmospheres. From a range-error s ens i t i v i ty  
standpoint, optimum skip-out conditions are  indicated. 

Results are  also presented which i l l u s t r a t e  the oper- 

The results of the study indicate t h a t  the guidance system provides effec- 
t i v e  range control t o  desired destinations of from 1,200 t o  19,000 nautical  miles 

~ 

from the  i n i t i a l  entry posit ion.  

INTRODUCTION 

The concept of entry guidance about previously computed reference t ra jec to-  
A n  analysis of t h i s  type of range control i s  r i e s  has been studied extensively. 

given i n  reference 1 and examples of specific systems are given i n  references 2 
and 3 .  Because of the necessity of operating i n  the  neighborhood of the refer-  
ence t r a j ec to ry  these methods are,  i n  general, r e s t r i c t ed  i n  range capabi l i ty  t o  
dest inat ions of about 6,000 internat ional  nautical  miles or  l e s s .  T h i s  l i m i t a -  
t i o n  could be overcome by using several  nominal t r a j ec to r i e s  but the storage 
requirements make t h i s  procedure undesirable. 

h e  iiiethod f o r  extending the range a t t a lmble  1s t o  g-ilde the \-chicle so 
tha t  a f t e r  the  i n i t i a l  en t ry  a skip maneuver i s  performed i n  which the vehicle 
e x i t s  from the atmosphere with conditions allowing a reentry near the desired 
destination (ref. 4).  An a t t r ac t ive  feature of t h i s  type of entry i s  the low 
total-heat  input t o  the vehicle. 



I n  the present analysis the terminal control ler  technique f o r  reentry guid- 
ance used i n  references 2, 4, and 5 was employed t o  develop an entry guidance 
system t o  control the  t ra jec tory  of a capsule-type vehicle from parabolic en t ry  
conditions t o  specified terminal conditions. The control system developed uses 
terminal. control techniques t o  obtain predicted values fo r  cer ta in  t ra jec tory  
variables a t  specified points during an entry and then uses these predicted 
values t o  obtain the desired t ra jec tory  control. The control system required 
storage of three separate portions of a precomputed reference t ra jectory.  

The basic concept of range control studied involves gui.ding the i n i t i a l  en t ry  
t o  l eve l  f l igh t  conditions a t  a predetermined a l t i t ude  from which point three 
control procedures are  available depending on the desired destination. 
imum range entr ies ,  the vehicle remains at  a high deceleration l eve l  throughout 
t h e  entry, whereas f o r  longer ranges up t o  about 4,200 naut ical  miles a pull-up 
i s  made t o  an intermediate a l t i tude .  
t i c a l  miles a skip maneuver i s  u t i l i zed  i n  guiding the vehicle t o  the destination. 
Basically the  most d i f f i c u l t  of the previously described range procedures i s  
skip-out and a major portion of the present analysis i s  devoted t o  t h i s  entry 
maneuver. 

For min- 

For desired ranges greater than 4,200 nau- 

I n  the present analysis the system f o r  selecting skip conditions i s  derived. 
An analysis i s  made t o  determine the  bes t  exit  conditions from a range-error 
sens i t iv i ty  standpoint. 
i l l u s t r a t ing  the operation of the  system f o r  a var ie ty  of desired terminal con- 
di t ions.  Results a re  a l so  presented which describe the  operation of the system 
f o r  off-nominal i n i t i a l  en t ry  conditions and f o r  en t r i e s  i n to  nonstandard 
atmospheres . 

Results of a number of t ra jec tory  studies are presented 

SYMBOLS 

elements i n  i t h  row and j t h  column of matrix of influence coeffi-  
c ien ts  f o r  adjoint  solutions 

constant used i n  exponential approximation of atmospheric density, 
ft'l 

constants used i n  control system 

l i f t  coefficient 

drag coefficient 

drag, l b  

acceleration due t o  gravity, r t / sec  

function used t o  vary standard atmosphere (eq. ( 9 ) )  



R e  

VS 

v1 

W 

X 

Y 
I 

a l t i tude ,  f t  

gain constants used i n  control equation 

l i f t ,  l b  

mass of vehicle, slugs 

radius of earth, f t  

desired longitudinal range from entry point, internat ional  naut ical  
miles 

distance traveled by vehicle outside atmosphere during b a l l i s t i c  
portion of skip, internat ional  nautical m i l e s  

range capabili ty during reentry following a skip maneuver, 
internat ional  naut ical  miles 

specified ranges used i n  control logic, internat ional  naut ical  miles 

distance from ear th  center, f t  

surface area, sq f t  

f i n a l  o r  terminal time, sec 

t i m e ,  sec 

velocity,  f t / s ec  

c i rcu lar  satel l i te  veloci ty  at 

veloci ty  a t  beginning of phase 3, f t / sec  

weight of vehicle, l b  

dependent variable i n  d i f fe ren t ia l  equation 

dependent variable i n  ad jo in t  system 

h = 3OO,OOO f t ,  25,830 f t / s ec  

influence functions from adjoint  system 

f l ight-path angle, deg 

specified e r ro r  i n  some variable 

var ia t ion of quantity from t h a t  of reference t ra jec tory  

Y 1 , Y p Y 3  

Yh > Yy 7 YV 

Y 

E 

6 
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predicted change i n  variable 6P 

7 

8 r o l l  angle, deg 

#r 

range traveled by vehicle, deg 

r o l l  angle as defined by equation (4) ,  deg 

atmospheric density, slugs/cu f t  

constant used f o r  approximation of atmospheric density, slugs/cu f t  

I 
P 

PC 

Subscripts: 

D desired value 

e entry conditions followlng a skip maneuver 

0 

R 

i n i t i a l  value 

reference t ra jec tory  value of variable 

T 

X 

f i n a l  or  terminal time 

e x i t  conditions f o r  b a l l i s t i c  portion of skip t ra jec tory  

A dot over a quantity denotes d i f fe ren t ia t ion  with respect t o  time. 

ANALYSIS 

The procedures used i n  developing an entry range control system which u t i -  
l i z e s  terminal control ler  techniques a re  given i n  the  following sections.  

Vehicle Characterist ics 

A capsule-type vehicle with an offset  center of gravi ty  was used i n  the 
present analysis. 
trimmed i n  t he  atmosphere at an angle of a t tack  which produced a value of 
of 0.5. 
l i f t  of the vehicle between the longitudinal and lateral planes. 
character is t ics  of t he  assumed vehicle are given i n  the  following table:  

This o f f se t  center of gravity was such that  the vehicle 
L/D 

The physical 
L i f t  modulation was obtained by varying the r o l l  angle t o  proportion the  

g, f t /sec2 (average value) . . . . . . . . . . . . . . . . . . . . . . . .  

S , s q f t . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . .  lo6 
CL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.5 
C D . 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1-02 

31.2 

W , l b  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7,WO 
ro, f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   ILL^ x 107 

4 



I Equations of Motion and Assumptions 
I 

"55 force equ8;tions solved i n  the analysis a re  the  following equations of 
~ motion: 

0 

h = V s in  y 

r 

D 
m iT = - - - g s i n  y 

i = 57.3 f cos y 

~ where 

I and 

D = - L  CD 

cL 

~ 

~ 

1 with a l t i t ude  was assumed. 

The ea r th  w a s  assumed t o  be spherical  with a radius of 2.112 X 107 fee t .  A con- 
s tan t  gravi ta t ional  f i e l d  of 31.2 f t / sec2  was assumed throughout the a l t i t ude  
range covered. The ear th  was assumed t o  be stationary i n  a l l  respects and there 
was no r e l a t ive  movement of the  atmosphere. An exponential var ia t ion of density 

I 

Basic Concept 

In order t o  simplify the entry guidance problem, the en t ry  was divided in to  
separate phases. 
destination, the control system would select  one of three possible procedures 
f o r  guiding the vehicle t o  the v i c in i ty  of the destination. 
portion of the  entry during which the vehicle descended t o  the desired destina- 
t i o n  was not considered i n  the  present study as  it has been previously covered 
ra ther  thoroughly i n  the l i t e r a t u r e  ( refs .  2 and 3). Thus, the objective of the 
present control system was t o  safely g d d e  the vehicle from parabolic en t ry  con- 
d i t ions  t o  a point from which a f i n a l  descent could be made t o  the desired 
de st  i n a t  ion. 

These phases were devised so t ha t ,  depending upon the desired 

Control of the f i n a l  

5 



Lateral-range control w a s  not considered i n  t h e  present study since previous 
studies ( ref .  3 )  have shown tha t  effect ive lateral-range control can be achieved 
by u t i l i z ing  available l i f t  i n  the  l a t e r a l  plane t o  guide the vehicle on t o  the 
correct heading. 

A general description of the separate phases i s  given with the  a id  of f ig -  
ure 1. 
entry. 

Figure 1 shows a p ro f i l e  p lo t  of a l t i t ude  and range f o r  each phase of an 

I n  phase 1 the vehicle i n i t i a l  entry t ra jec tory  was controlled so t h a t  the  

The vehicle then proceeded in to  phase 2 of the en t ry  
vehicle arrived a t  an a l t i t ude  of about 213,000 f ee t  a t  which time i t s  f l i g h t -  
path angle was near zero. 
which consisted of maintaining a constant a l t i t ude  as shown i n  f igure 1. I f  t he  
desired destination was less than (2,000 internat ional  naut ical  miles) from 
the reentry point, the  control remained i n  phase 2 u n t i l  the descent reference 
t ra jec tory  was attained. I f  the  desired destination was between R 1  and R2 
(2,000 and 4,200 naut ical  miles), the  vehicle continued i n  phase 2 u n t i l  the  
velocity was reduced t o  some predetermined value (29,000 f t / s ec )  and then 
entered in to  phase 3 as shown i n  f igure 1. Phase 3 consisted of a pull-up t o  an 
intermediate a l t i t ude  of about 250,000 f e e t  followed by a coasting period at  this 
a l t i t ude  t o  the desired destination. For ranges greater  than R2 (4,200 nauti-  
c a l  miles) the vehicle passed from phase 2 in to  phase 4 which involved control- 
l i n g  the t ra jec tory  such tha t  a skip-out occurred. During phase 4 the t ra jec tory  
was controlled so tha t  the e x i t  conditions were such t h a t  the vehicle would 
reenter near the desired destination at  which t i m e  a f i n a l  descent t o  the landing 
area could begin. 

R 1  

Vl 

Thus, f o r  desired ranges l e s s  than 4,200 naut ical  miles from the i n i t i a l  
entry point a d i r ec t  entry was made i n  which the vehicle remained i n  the atmos- 
phere throughout the entry while f o r  ranges greater  than 4,200 miles a skip 
maneuver was employed. 
allow a suff ic ient  range capabi l i ty  overlap between the d i rec t  and skip entry 
guidance procedures as w i l l  be shown i n  a subsequent section of the paper. This 
i s  a l so  the approximate range at which a trade-off occurs between d i rec t  and 
skip en t r ies  with respect t o  the t o t a l  aerodynamic heat input ( re f .  3 ) .  

This 4,200-nautical-mile switching point was chosen t o  

The manner i n  which terminal control techniques were used i n  guiding the  
vehicle during each of the previously described phases w i l l  be discussed i n  fo l -  
lowing sections of the paper. A br ie f  description of the terminal control tech- 
nique along with i t s  application t o  a typ ica l  problem i s  given i n  the appendix. 

REFERENCE TRAJECTORlES AND GUIDANCE PROCEDURES 

The i n i t i a l  objective of t h i s  study involved the  selection of sui table  ref-  
erence t ra jec tor ies  f o r  the separate phases of the  entry. Adjoint solutions were 
then computed f o r  these reference t r a j e c t o r i e s  i n  order t o  obtain influence func- 
t i ons  t o  be used i n  predicting terminal values of cer ta in  t r a j ec to ry  variables.  
These predicted values were then used t o  obtain the desired t ra jec tory  control. 



The reference t r a j ec to r i e s ,  influence function, prediction and control equations, 
and control logic  used during each phase of the entry a re  now presented. 
q@icatlon of these pocedures  t o  the control of a var ie ty  of simulated en t r i e s  
i s  discussed i n  the section nDiscussion of Results." 

The 

Phase 1 

The reference t ra jec tory  f o r  the i n i t i a l  atmospheric entry phase of the m i s -  
sion i s  shown i n  figure 2. The i n i t i a l  conditions f o r  this t ra jec tory  were an 
a l t i t ude  of 400,000 f ee t ,  a veloci ty  of 36,000 f t / sec ,  and a f l ight-path angle of 
-5.3O; the  f i n a l  conditions were an a l t i t ude  of about 215,500 f e e t  and a f l i g h t -  
path angle of 0'. 
angle of goo ( L i f t  = 0 
shown i n  figure 2. 
n a l  control of t h e  vehicle t ra jec tory  would be available about the reference tra- 
jectory. 
since all the  l i f t  of the vehicle could be directed in to  the l a t e r a l  plane. 

T h i s  t ra jec tory  was achieved by maintaining a constant r o l l  
i n  longitudinal plane) throughout t he  t ra jec tory  as i s  

A zero- l i f t  t r a j ec to ry  was chosen so tha t  maximum longitudi- 

This t ra jec tory  a l so  produced a maximum heading change during phase 1 

Trajectory control w a s  achieved i n  phase 1 by predicting the terminal e r r o r  

The influence functions used i n  this prediction 
i n  a l t i t ude  (a t  h = 215,500 f t )  and by controll ing the vehicle l i f t  so t h a t  this 
terminal e r ro r  approaches zero. 
a re  shown in figure 3. The influence functions a re  normally represented as func- 
t i o n s  of time (appendix). However, i n  the present analysis the influence func- 
t i ons  were given as functions of a l t i t ude  as shown i n  f igure 3. By using alti- 
tude as t h e  independent variable cer ta in  simplifications could be achieved. 
Since the  e r ro r  i n  a l t i t ude  (6h) was always zero the storage of influence func- 
t i o n s  was reduced from three  t o  two. 
d i rec t ly ,  problems ar i s ing  from the f a c t  that the entry t i m e  varied f o r  d i f fe ren t  
i n i t i a l  conditions were eliminated. 

(See eq. (A4) .) Since time was not used 

Although the  a l t i t ude  influence function was not used i n  the prediction 
scheme, it was s t i l l  necessary t o  compute it since the computation of y and 

yv required the  use of yh. The i n i t i a l  conditions f o r  the adjoint equations 

can be determined, as was done i n  the example i n  the  appendix, t o  be given by 

Y 

The prediction equation f o r  phase 1 i s  given by 



The first  term on the right-hand side of equation (2) w a s  always zero i n  the 
present study since the  desired d t i t u d e  coincided wi th  the  f i n a l  reference 
a l t i tude .  

A close examination of equation (2) and f igure 3 gives some insight  i n t o  the 
physical interpretat ion of the influence functions and the  prediction equation. 
For example, consider an entry which a t  an a l t i t ude  of 300,000 f e e t  has a veloc- 
i t y  200 f t / s ec  l e s s  than the reference veloci ty  (6V = -200 f t / s ec )  and a f l i gh t -  
path angle 0.1' steeper than the reference f l ight-path angle (67 = 0.1'). A t  

t h i s  a l t i tude  the  value f o r  yv i s  about 6 ft  ( f ig .  3 ) .  Hence the predicted 
f t / s e c  

e r ro r  i n  the f i n a l  a l t i t u d e  due t o  the veloci ty  perturbation i s  -1,200 f ee t .  
value fo r  yr 
f i n a l  a l t i tude  due t o  67 i s  5,200 feet. Thus, the combination of 6V and 67 
gives a predicted f i n a l  e r ro r  i n  a l t i t ude  of 4,000 f ee t .  

e r ror  given by equation (1). 
orientation of the l i f t  vector of the vehicle i s  given by the following re la t ions :  

The 
a t  t h i s  a l t i t ude  i s  52,000 f t /deg and hence the predicted e r ro r  i n  

A simple off-on control system was used t o  reduce the  terminal a l t i t u d e  
The control log ic  scheme used i n  determining the  

(QI = 180~) 

-c1 < $% < c1 ($ = 90' (reference v d u e ) )  

Thus, maximum l i f t  was used i n  bringing the  a l t i t ude  e r ro r  inside a specified 
deadband C1. 

Phase 2 

During t h i s  phase of t he  mission the  vehicle maintained a constant a l t i t u d e  
This a l t i t u d e  was achieved by regulating the  vehicle l i f t  such of 213,500 fee t .  

as t o  effect  a balance between the l i f t ,  centr i fugal  force,  and gravity force 
act ing on the vehicle. 
given by 

The control l a w  used i n  accomplishing this requirement i s  

where p(, i s  computed from the equation fo r  (eq. (1)) by se t t ing  f and 7 
equal t o  zero and i s  given by 

8 



~ Thus, by regulating the vehicle r o l l  angle i n  accordance with equation ( 3 )  the  
constant a l t i t u d e  desired i n  phase 2 could be maintained. 

I 
I Phase 3 

Phase 3 of the mission consisted of a pd.1-up, ini tdated at a specified I 
I 
1 

velocity,  t o  an a l t i t ude  of about 250,000 fee t  from where a coasting period t o  
the desired dest inat ion could begin. The reference t r a j ec to r i e s  and influence 
functions f o r  t h i s  phase of the entry a re  shown i n  f igures  4 and 5. 

I 

The prediction equation and control logic f o r  phase 3 of the  mission are the  
same form as those f o r  phase 1, the only difference being the  values f o r  t h e  ref- 
erence quant i t ies ,  constants, and influence functions. 

~ 

~ 

Phase 4 

The reference t ra jec tory  f o r  the skip phase of the entry was computed such 
t h a t  the vehicle exited from the atmosphere (& = 300,000 feet) with a veloci ty  
near s a t e l l i t e  veloci ty  and a fl ight-path angle of about 2'. These e x i t  condi- 
t i ons  were found t o  be near optimum from a range-error s ens i t i v i ty  standpoint as 
i s  shown i n  a subsequent section of the paper. The phase 4 reference t r a j ec to ry  
i s  shown i n  f igure 6. 

Since the range traveled outside the atmosphere following a skip-out i s  a 
function of the e x i t  velocity and fl ight-path angle, these quant i t ies  were pre- 
dicted during the skip maneuver. Thus influence functions had t o  be precomputed 
f o r  both t h e  velocity-prediction equation and the  flight-path-angle-prediction 
equation. These influence functions a re  shown i n  f igure 7. The prediction equa- 
t i ons  have the  same form as before and are given by , 

~ 

where 
fe ren t  i n i t i a l  conditions. 

y, of course, has a different  value i n  each equation resu l t ing  from d i f -  

I The solution of equations ( 5 )  requires ex i t  vaiues f o r  VD,x and yD,x. I n  
was specified the  simulation the value for  the desired fl ight-path angle y 

f o r  each en t ry  whereas the desired e x i t  velocity was computed from o r b i t a l  con- 
s iderat ions as follows. 

D,x 

By specifying an exi t  f l ight-path angle atnd a desired 

9 



b a l l i s t i c  range outside the atmosphere 
t h i s  range i s  given by the following equation which i s  from reference 6 and 
given i n  the notation of the present paper: 

% the  veloci ty  required for  obtaining 

tan( Rh /120) 11/2 

Solutions t o  equation (.6) f o r  a var ie ty  of e x i t  conditions are shown i n  f ig-  
ure 8 and are  a l so  given i n  f igure 3 of reference 6. 

The control equation f o r  phase 4 was devised by considering the e r ro r  i n  
range a t  skip-out due t o  the predicted e r ro r s  i n  e x i t  veloci ty  and f l ight-path 
angle. This  e r ror  i n  range i s  given by the following equation: 

The p a r t i a l  derivative terms i n  equation (7) can be determined from equa- 
t i o n  (6) and are given by 

s i n  yx cos yx - aRb = (13.752 X lo3) 

avx 

where Vx and yx are  given by 

vx = vD,x + 'PVx 

- 
yx - yD,x  + 6pyx 

Solutions to equations (8) a re  given i n  f igure 9 and i n  f igure 4 of reference 6. 

Thus, a solution of equation (7) gives a predicted value f o r  the range e r ro r  
a t  ex i t .  
from the desired values at  ex i t ,  the  conibination of these e x i t  e r ro r s  should be 
such tha t  the range e r ro r  at  e x i t  i s  zero. 

Althoua the  ex i t . ve loc i ty  and flight-path angle may d i f f e r  somewhat 

10 



The control log ic  used i n  reducing the  range e r ro r  at e x i t  i s  given by 

Th s ignif  i of this 1 

mb > c3 

dRb < -c3 

’C3 < dRb < c3 

dRb ’ c3 

dRb < 4 3  

-c3 < dRb < c3 

gic reversal  for  

f o r  Vx > VS,, 

= 90”lJ 

x i t  ve loc i t i e s  above satell i t  
veloci ty  is-discussed i n  a la te r -sec t ion  of the paper. 

In order t o  e f f ec t  a smooth t r ans i t i on  between the l eve l  f l i g h t  phase and 

! 

the  skip phase of the entry, an additional prediction w a s  used t o  determine the 
desired pull-up velocity. During the constant-altitude phase a continuous pre- 
d ic t ion  of the  e x i t  velocity e r ror  was made using the i n i t i a l  phase 4 reference 
values (at h = 215,000 f ee t )  f o r  velocity,  f l ight-path angle, and the  influence 
functions. This velocity-prediction equation was the same as i s  given i n  equa- 
t i ons  ( 5 ) .  Thus, the e x i t  veloci ty  e r ro r  was continuously computed during 
phase 2 under the  assumption that the  skip maneuver was i n i t i a t e d  a t  the point 
that the computation was made. When this velocity e r ror  spVx w a s  reduced below 
a predetermined value 
a l t i t ude  phase t o  the skip phase. 

C 4  the t r a j ec to ry  control passed from the  constant- 

Although the  f i n a l  objective of the previously described guidance system was 
t o  control en t ry  range, no range influence function was required. This simpli- 
f i ca t ion  was made possible by dividing the entry in to  separate phases such that 
during any par t icu lar  phase the quant i t ies  predicted were not functions of range.. 

Effect  of Exit Conditions on Range Capability During 

Reentry Following a Skip Maneuver 

The e x i t  conditions f o r  the previously described phase 4, skip portion of a 
t ra jec tory ,  were chosen as a result of the  following analysis. 
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The range capabi l i ty  during reentry following a skip maneuver i s  shown i n  
figure 10. 
bounded by the t r a j ec to r i e s  f o r  L/D = 0 and L/D = 0.3. This range capabi l i ty  
is, of course, a function of the e x i t  conditions f o r  the skip 
and i s  about 1,600 naut ical  miles fo r  a skip angle of 2' at  s a t e l l i t e  velocity.  

For the idea l  case shown i n  f igure 10, t h i s  range capabi l i ty  i s  

Ve = Vx, ye = -yx) ( 

I n  an actual  entry, the conditions a t  e x i t  would be i n  e r ror  due t o  ins t ru-  
ment inaccuracies and e r ro r s  in t h e  i n e r t i a l  guidance system. 
Thus, the idea l  range capabili ty shown i n  f igure 10 would be reduced by these 
uncertainties i n  the ex i t  conditions. For example, i f  the desired dest inat ion 
were i n  the center of the boundaries shown i n  f igure 10, the vehicle would have a 
cer ta in  maneuver capabili ty about t h i s  desired destination. I f  e r ro r s  existed a t  
ex i t ,  these e r ro r s  would change the distance traveled outside the  atmosphere and 
hence at entry the maneuver capabi l i ty  would be shif ted t o  the right o r  t o  the 
l e f t  with respect t o  the desired destination, with a reduction i n  the  range capa- 
b i l i t y  resulting. 

(See re f .  7.) 

I n  order t o  study t h i s  e f fec t ,  calculations were made of the reentry range 
capabili ty fo r  d i f fe ren t  assumed e r ro r s  i n  e x i t  veloci ty  and fl ight-path angle. 
Figures 8 and 9 were used i n  computing the e f f ec t  on the b a l l i s t i c  range f o r  
these errors.  Figure 11 shows the entry range capabi l i ty  f o r  d i f fe ren t  entry 
angles, skip ranges, and assumed errors .  

The data of f igure 11 were obtained by adding the magnitude of the separate 
range errors due t o  veloci ty  and f l ight-path angle. 
estimate since the e r rors  might cancel each other. 

This was a conservative 

Figure 11 shows t h a t  as the assumed e r ro r s  i n  E ~ , ~  and E7,X were 
increased the range capabi l i ty  was decreased. Also, f o r  small e r ro r s  i n  the e x i t  
conditions ( E ~ , ~  = 3.3 f t /sec,  E ~ , ~  = 0,02O) t he  range capabi l i ty  increased with 
decreasing entry angle. However, fo r  la rger  e r ro r s  the maximum range capabi l i ty  
occurred for  entry angles between -1' and -2O. This peak r e su l t s  from the  large 
e f fec t  of e x i t  e r ro r s  at small f l ight-path angles as shown i n  f igure 9.  

ATMOSWERIC DENSITY VARIATIONS 

I n  order t o  study possible var ia t ions i n  density about the  assumed standard 
atmosphere, the density was represented by the  following relationship: 

p = G(h) x Standard density ( 9 )  

where the standard density was given by pR = pce-Bh, and G(h) w a s  represented 

by a table  so tha t  t h e  standard atmosphere could be varied as a function of a l t i -  
tude t o  represent a nonstandard atmosphere such as might be experienced during a 
polar entry. 
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Since a l l  reference t r a j ec to r i e s  were computed by using the standard atmos- 
phere and since equal density leve ls  occur a t  different  a l t i t udes  f o r  nonstandard 
as compared w l t h  atmdard atmspheres,  it was desirable t o  r e l a t e  the a l t i t udes  
traversed i n  a nonstandard atmosphere t o  those traversed i n  the  standard atmos- 
phere. This re la t ion  was accomplished by using density a l t i t ude  ra ther  than geo- 
metric a l t i t ude  i n  determining reference values f o r  velocity and f l ight-path 
angle used i n  the control equations. Thus, by knowing the  atmospheric density at 
a specif ic  a l t i t ude  during an entry in to  a nonstandard atmosphere, the a l t i t ude  
corresponding t o  tha t  density f o r  the standard atmosphere can be determined by 
equating, the  density equations f o r  each atmosphere t o  get 

hR = 1 - 10% - PC 
B P 

By subst i tut ing the density p in to  equation (10) the corresponding 
a l t i t ude  could be determined and hence reference values f o r  veloci ty ,  f l ight-path 
angle, and the influence functions could be determined. 

(10) 

reference 

I n  an ac tua l  application the influence functions and reference values f o r  
velocity and f l ight-path angle could be stored as some function of a reference 
atmospheric density. 
determined (from deceleration measurements) and used i n  specifying the  reference 
values f o r  V, 7, and the  influence functions; thus, a l t i t ude  need not be deter-  
mined during the entry. This i s  an a t t rac t ive  feature  since it i s  well  known 
tha t  an i n s t a b i l i t y  exists i n  the determination of a l t i t ude  from an i n e r t i a l  
platform. (This er ror  i n  the computation of a l t i t ude  would probably not be a 
f ac to r  f o r  the  present system ( r e f .  7) because of the short t i m e s  involved i n  
performing the entry maneuver.) 

During an entry the actual atmospheric density could be 

# 

Two a rb i t r a ry  types of var ia t ions from the standard atmosphere were con- 
sidered and a re  i l l u s t r a t e d  i n  f igure 12. One type of var ia t ion was obtained by 
multiplying the  standard density by a constant fac tor  (G = Constant i n  eq. ( 9 ) ) .  
T h i s  var ia t ion  could r e su l t  from a fixed change i n  the value of the  atmospheric 
pressure at  sea l eve l  
representing a 100-percent change i n  pc. 
i n  which the atmosphere varied i n  some fashion with a l t i t ude  and i s  i l l u s t r a t e d  
i n  f igure 12 by the dashed l i ne  f o r  which the density increased l i nea r ly  from 
the nominal value at  400,000 f e e t  t o  100 percent of the nominal a t  200,000 fee t .  
This var ia t ion i n  the gradient of the atmosphere might r e su l t  from changes i n  
with range t raveled or  from a change i n  the  gradient of the atmosphere B w i t h  
a l t i t ude .  

pc and i s  i l l u s t r a t ed  i n  f igure 1 2  by the sol id  l i n e  
A second type of change was considered 

pc 



DISCUSSION OF RESULTS 

Mrec t  Ent r i e  s 

An example of a t yp ica l  en t ry  during which the  vehicle remained i n  the 
atmosphere i s  shown i n  f igure 13. The i n i t i a l  conditions f o r  th i s  en t ry  were the  
same as for  t he  phase 1 reference t ra jec tory ,  and a range between 2,000 and 
4,200 nautical  miles was desired. 

A s  i s  shown by figure 13 the r o l l  angle i n  phase 1 remained a t  the  nominal 

T h i s  1,000-foot dead- 
value since the predicted e r ror  i n  t h e  pull-out a l t i t ude  was l e s s  than an assumed 
1,000-foot deadband about t he  desired pull-out a l t i tude .  
band about the desired a l t i t u d e  i n  phase 1 was used throughout the study t o  pre- 
vent unnecessary control changes which would occur i n  attempting t o  a t t a i n  a pre- 
c i se  f i n a l  a l t i t u d e  condition. 

During phase 2 of the entry the vehicle maintained a constant a l t i t u d e  u n t i l  
the  velocity was reduced t o  29,000 f t / sec .  
t i o n  (eq. ( 3 ) )  during phase 2 were K 1  = 0.005°/ft and K2 = 0.075°/ft/sec. 
These gains were found t o  be adequate f o r  establishing and maintaining l e v e l  

The gains used i n  the  control equa- 

flight. 

After es tabl ishing the desired veloci ty  i n  phase 2 the entry proceeded in to  
phase 3 as shown i n  figure 13. The control logic  reduced the r o l l  angle t o  zero 
i n  order t o  es tabl ish a r a t e  of climb. A s  the  predicted e r ror  i n  f i n a l  a l t i t u d e  
approached zero, the r o l l  angle went t o  180° causing the vehicle t o  l e v e l  out a t  
an a l t i tude  of about 255,000 f ee t .  This s l i gh t  overshoot i n  the desired a l t i t u d e  
i s  of l i t t l e  significance since suf f ic ien t  l i f t  i s  available below 260,000 f e e t  
t o  maintain l e v e l  f l i g h t  at  s a t e l l i t e  velocity.  

The time h is tory  shown i n  f igure 13 was terminated once a l e v e l  f l i g h t  con- 
d i t i on  was achieved. A t  t h i s  point (t = 284 seconds) t he  vehicle had traversed a 
range of 1,500 naut ical  miles and was  t rave l ing  at  near s a t e l l i t e  velocity.  From 
these conditions it would be an easy task  t o  control the  vehicle t o  a reference 
t ra jectory terminating a t  a point between 2,000 and 4,200 naut ical  miles from the  
i n i t i a l  entry point ( re f .  3 ) .  

If a desired range l e s s  than 2,000 naut ical  miles had been desired, the 
vehicle would have remained i n  phase 2 u n t i l  t he  f i n a l  reference t r a j ec to ry  was 
reached. Ranges between about 1,200 and 2,000 naut ical  miles could be a t ta ined  
by using t h i s  procedure (ref'. 3 ) .  

Skip Entr ies  

For desired ranges greater  than about 4,200 naut ical  miles it is  necessary 
f o r  the  vehicle t o  climb out of the dense atmosphere i n  order t o  conserve su f f i -  
c ient  energy t o  reach the desired destination. In the  present analysis  this was 
achieved by executing a skip maneuver so that, a large portion of the  desired 
range was traversed outside the atmosphere. The manner i n  which these e n t r i e s  



' 
~ 

were accomplished by using terminal control techniques i s  now given. 
specified otherwise the  standard atmospheric density w a s  assumed. 

U n l e s s  

I Skip entries with 'x < vS,X*- Presented i n  f igure 14  i s  a time h is tory  f o r  
~ 

a skip en t ry  w i t h  a desired range of 10,000 nautical  miles and an e x i t  veloci ty  
I ' 
i 
I 

~ 

below- satell i te velocity.  
from the i n i t i a l  entry conditions t o  the  skip-out point plus  the b a l l i s t i c  range 
traveled from the skip-out d l t i tude  t o  reentry at the same a l t i tude .  
traveled during the second reentry w a s  not included since range control during 
this pht;$e of the  en t ry  was not considered. 

Included i n  t h i s  desired range i s  the distance traveled 

The range 
I 

The i n i t i a l  entry conditions f o r  figure 14 were the same as those f o r  the  
phase 1 reference t r a j ec to ry  so that during this phase of the  entry the r o l l  
angle remained a t  the  reference value as shown i n  this figure. A s  the entry 
entered i n t o  phase 2 the vehicle followed a constant a l t i t ude  t r a j ec to ry  and the 
guidance equations predicted the desired pull-up velocity.  A s  %VX approached 
zero, the vehicle entered in to  phase 4 and maximum lift w a s  cal led f o r  t o  reduce 
the e r ro r  i n  the predicted range a t  skip-out 
the predicted e r ro r s  i n  e x i t  velocity and fl ight-path angle have values which 
caused the range e r ro r  t o  approach zero, the v e r t i c a l  l i f t  was reduced t o  zero 
(@ = soo) and remained at  t h i s  value t o  the skip-out point. For t h i s  entry as 
f o r  all skip e n t r i e s  the desired e x i t  angle w a s  2O and f o r  control purposes a 
100-mile deadband about 

a b .  A s  shown i n  f igure 14, when 

affb = 0 was assumed (C3 = 100). 

From figure 14 it i s  seen that at the  beginning of phase 4 the predicted 
range e r r o r  a t  e x i t  d€+, was  negative. This condition was achieved by delaying 
the pull-up u n t i l  
skip maneuver with Vx < Vs,x 

SpVX w a s  slightly negative and w a s  necessary f o r  a successful 
a s  explained i n  the  following discussion. : 

I 
I Because of the nature of the guidance system, range e r rors  could most effec- 

t i v e l y  be corrected during a skip maneuver by extending the l i f t i n g  period of the 
vehicle over that used f o r  the reference t ra jectory.  
condition a t  pull-up so that extended l i f t  could reduce range e r ro r s  it was 
desirable  t o  i n i t i a l l y  have a negative value f o r  
negative 6~7,) and hence f o r  dRb. An examination of f igure 8 w i l l  i l l u s t r a t e  
t h i s  point. As long as the predicted ex i t  conditions were such that d% w a s  
negative ( t o  the  l e f t  of a desired constant range l i n e  i n  f i g .  8), t h i s  range 
e r ro r  could be eas i ly  corrected by extending the l i f t i n g  period since t h i s  would 
cause an increase i n  the flight-path angle (over that of the reference t r a j ec -  

ascending i n  the atmosphere more rapidly and hence the drag would be decreasing 
more rapidly than f o r  the reference case. Thus, e r ro r s  i n  veloci ty  and f l i g h t -  
path angle and hence range could be decreased simultaneously. Suppose t h a t  t he  
control log ic  were such t h a t  a pull-up were begun w i t h  an i n i t i a l  posi t ive range 
e r ror .  To remove t h i s  e r ro r  e i ther  EV,, Byx,  or  both would have t o  be reduced 
during the  pull-up. 
($ = 180~) at some point during the pull-up which would be an undesirable 
procedure. 

I n  order t o  establish a 

$Vx (causing a corresponding 

I 

I tory)  and a corresponding increase i n  velocity because the vehicle would be 

~ 

I 

I 
Thus, it would be necessary t o  invert  the l i f t  vector 



The previous discussion was Valid Only f o r  e x i t  ve loc i t ies  less than satel- I 

l i t e  velocity as i s  shown i n  the next section of the  paper. 
~ 

A s  i s  shown in f igure 8, skip ranges of up t o  about 11,000 naut ica l  m i l e s  
can be achieved f o r  e x i t  ve loc i t i e s  below s a t e l l i t e  velocity.  
were computed with desired ranges 
miles and a lower limit of 2,000 naut ical  miles. 
the t ra jectory t o  the desirea terminal conditions could be achieved f o r  a l l  
ranges between the previously mentioned limits. 
section, it was possible t o  make d i r ec t  e n t r i e s  with ranges as s m a l l  as 1,200 nau- 
t i c a l  miles. 
be t h i s  distance (1,200 naut ical  m i l e s )  plus the  minimum distance t raveled during 
the skip portion (2,000 naut ical  miles) plus the  distance traveled during the 
atmospheric pull-up portion (about 600 naut ica l  miles). 
3,800 nautical  miles i s  well  below t h e  maximum range a t ta inable  during d i r ec t  
en t ry  (4,200 naut ical  miles) ; therefore ,  an adequate "overlap" i n  range capabil- 
i t y  i s  available between the two entry procedures. 

Numerous e n t r i e s  
Rb between t h i s  upper l i m i t  of 11,000 naut ica l  

It was found that control of 

A s  was described i n  the  previous 

Thus, the minimum range a t ta inable  by using a skip maneuver would 

This t o t a l  of about 

Skip en t r i e s  with Vx > Vs x.- Presented i n  f igure 15 i s  a time his tory  f o r  
a skip entry w i t h  a desired ranLe of about 16,500 naut ical  miles and an exit 
veloci ty  greater than s a t e l l i t e  velocity.  
phase 2 for  t h i s  entry are  ident ica l  t o  those described i n  f igure 14. 
the  pull-up was i n i t i a t e d  s l igh t ly  e a r l i e r  (posi t ive 
an i n i t i a l  posi t ive value f o r  T h i s  was a desirable pull-up condition a s  
can be shown by re fer r ing  t o  f igure 8. 
l i t e  velocity the slope of constant range l i n e s  changes signs. Thus, i n  order 
f o r  the vehicle t o  be i n  a condition so that increased l i f t  can correct range 
e r ro r s  at  skip-out, the  pull-up conditions must be such t h a t  the  i n i t i a l  range 
e r r o r  i s  posit ive ( t o  the r igh t  of the desired constant range curve i n  f i g .  8) 
since increased l i f t  increases 7 and hence decreases Rb. This explains the  
necessity f o r  the previously discussed control log ic  reversal  f o r  e x i t  ve loc i t i e s  
grea te r  than s a t e l l i t e  velocity.  

Phase 1 and t h e  i n i t i a l  portion of 

+VX) f o r  t h i s  en t ry  causing 
However, 

dRb. 
For exit  ve loc i t ies  greater than satel- I 

Successful en t r i e s  were computed f o r  desired ranges up t o  about 17,500 nau- 
t i c a l  miles (% = 16,000 naut ical  miles). This upper range l imi t  w a s  determined 
by the ex i t  angle chosen and by the requirement t ha t  the a l t i t u d e  of the  vehicle 
should not exceed 400 miles during the skip portion of the  t ra jectory.  
f i g .  8.) 

(See 

The t o t a l  range capabi l i ty  of t he  vehicle  i s  la rger  than the  previously 
given figures since the vehicle t r ave l s  an appreciable distance during the 
reentry (about 1,500 naut ical  miles ( f ig .  11)). 
able by the  vehicle would be about 19,000 naut ical  miles. 

Thus, the maximum range a t t a in -  I 
~ 

Variations i n  I n i t i a l  Entry Velocity 

I n  order t o  study the  e f fec ts  of var ia t ions  i n  t h e  i n i t i a l  Velocity, e n t r i e s  
were calculated f o r  i n i t i a l  ve loc i t i e s  less than and grea te r  than t h e  reference 
value of 36,000 f t / s ec .  some r e s u l t s  of this study a r e  shown i n  figure 16. 
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Presented i n  t h i s  f igure i s  phase 1 of entr ies  f o r  which the i n i t i a l  veloci ty  was 
e i the r  2,000 f t / s e c  greater  than or l e s s  than the reference value. 
i s  shown i n  f igure 16 since once the conditions (h = hD, 
beginning of t he  constant-alt i tude phase the remining -,l-,ases of the entry are 
similar t o  those shown i n  previous figures.  Thus, i f  the vehicle can be guided 
t o  the desired constant-alt i tude conditions then range control t o  the  desired des- 
t i na t ion  can be achieved. The only e f f ec t  on range capabi l i ty  would be a small 
sh i f t  i n  the t o t a l  range capabili ty of the vehicle. For example, i f  the  i n i t i a l  
veloci ty  were greater  than the reference value, the vehicle would remain i n  the 
constant-alt i tude phase f o r  a longer period and hence the minimum and maximum 
ranges obtainable would be s l i gh t ly  greater  than those given previously. 

Only phase 1 
7 = 0) are met f o r  the 

Figure 16 shows that, for  the en t ry  w i t h  an i n i t i a l  veloci ty  2,000 f t / s ec  
greater  than the reference velocity, the control system i n i t i a l l y  predicted that 
the vehicle would m i s s  the  desired perigee a l t i tude  by about 25,000 f e e t  
(25,000 feet grea te r  than the desired al t i tude) .  
centr i fugal  force tending t o  decrease the fl ight-path angle. 
e f fec t ,  the  control logic  i n i t i a l l y  selected a r o l l  angle such t h a t  maximum neg- 
a t ive  l i f t  was used f o r  the f i rs t  80 seconds of the entry. 
predicted e r ro r  i n  a l t i t u d e  was reduced t o  within an assumed 1,000-foot deadband 
about the  desired perigee a l t i t ude  and the  r o l l  angle was reduced t o  the reference 
value. 
f l ight-path angle a s  i s  shown i n  figure 16. 

This resulted from the increased 
To overcome this 

A t  t h i s  point t he  

Thus, the vehicle arrived a t  the desired perigee a l t i t u d e  wi th  a zero 

For the en t ry  with an i n i t i a l  veloci ty  l e s s  than the reference value, maxi- 
mum posi t ive l i f t  was used throughout much of the en t ry  t o  avoid f a l l i n g  below 
the desired f i n a l  a l t i tude .  

Numerous en t r i e s  were calculated f o r  a var ie ty  of i n i t i a l  ve loc i t ies .  The  
results have shown tha t  excellent control of the vehicle 's  t r a j ec to ry  t o  the  
desired a l t i t u d e  i n  @ase 1 could be achieved f o r  ve loc i t ies  up t o  2,500 f t / s ec  
greater  than g r  l e s s  than the reference value of 36,000 f t / sec .  

Variations i n  I n i t i a l  Entry Angle 

The present analysis  included a study o f  the e f f ec t s  of varying the  i n i t i a l  
en t ry  angle from the reference value of -5.3'. 
presented i n  f igure  17. T h i s  f igure shows t i m e  h i s to r i e s  of hase 1 f o r  en t r i e s  
with an i n i t i a l  f l ight-path angle of 1 / 2 O  greater than and 1 P 2 O  less than the ref-  
erence value. O n l y  phase 1 i s  shown fo r  the same reasons as were given i n  the 
previous section. 
a l t i t ude  were successfully corrected and t h e  vehicle arrived at  the desired ter- 
minal conditions. Note the difference i n  the times taken f o r  phase 1 of the 
ezl-tries shown i n  figure 17. 
a l t i t u d e  rather than time as the independent variable i n  s tor ing the reference 
quant i t ies .  

Some re su l t s  of t h i s  study are  

Figure 17 shows that the  i n i t i a l  predicted e r ro r s  i n  perigee 

T h i s  difference i l l u s t r a t e s  the advantage of using 

Trajector ies  were computed f o r  a variety of i n i t i a l  en t ry  angles and it w a s  
found t h a t  control  t o  the desired terminal conditions could be achieved over the 



e n t i r e  range capabi l i ty  of the vehicle fo r  off-nominal conditions of as much as 
0.8' greater than or  less than the reference value. I 

While l a t e r a l  range has not been considered, an examination of f igures  13 
t o  17 yields an important f ac t  regarding the l a t e r a l  range capabi l i ty  associated 
with the  previously described guidance procedures. During the high deceleration 
phase of the entry the l i f t  i s  la rge ly  directed i n  the l a t e r a l  plane ($ = goo). 

near maximum lateral ranges. 

I 
I 
, 

Thus, large heading changes kould be achieved ear ly  i n  the en t ry  resu l t ing  i n  I 

Variations i n  Atmospheric Density 

The study included an investigation of the e f f ec t s  of changing the  atmos- 
pheric density from the assumed var ia t ion used i n  computing reference t r a j ec to -  
r i e s  and influence coeff ic ients .  

Effect of changes i n  the atmospheric density a t  sea level.-  Presented i n  
f igure 18 i s  a time h is tory  of a l t i t u d e  f o r  a skip entry f o r  which the atmos- 
pheric density was assumed t o  be twice tha t  of the reference densi ty  throughout 
the  a l t i tude  range covered. Shown i n  t h i s  figure i s  the ac tua l  a l t i t u d e  p ro f i l e  
along with the corresponding a l t i t ude  p ro f i l e  from which the  reference values 
were obtained. 
which the  vehicle followed, whereas the dashed l i n e  i s  the  path which the control 
system thought the vehicle was following. 
were the same as  f o r  the one shown i n  f igure 14. 
course, greater than that i n  figure 14 since an upward s h i f t  i n  a l t i t u d e  was nec- 
essary i n  order t o  maintain the i n i t i a l  atmospheric density at  the same value as 
f o r  the reference t ra jectory.  (See eqs. (9) and (lo).) 

I n  other words, the sol id  l i n e  i n  f igure 18 i s  the  ac tua l  path 

The i n i t i a l  conditions f o r  t h i s  en t ry  
The i n i t i a l  a l t i t ude  was, of 

An examination of f igure 18 shows that t h i s  i n i t i a l  a l t i t ude  increment of 
This was, i n  f a c t ,  the  about 16,000 f e e t  was maintained throughout the entry.  

only difference i n  the en t r i e s  shown i n  f igures  18 and 14 as all other t r a j ec to ry  
var iables  followed the  same var ia t ions.  This r e s u l t  was found t o  be t rue  i n  a l l  
en t r i e s  for which the reference density w a s  a l te red  by a constant f ac to r  through- 
out the assumed a l t i t ude  range. Thus, control of the  vehicle t o  the desired ter- 
minal conditions could be achieved f o r  any assumed atmosphere resu l t ing  from off-  
nominal values of the density a t  sea level .  These var ia t ions merely resul ted i n  
an upward o r  downward shift i n  the  vehicle 's  a l t i t ude  p ro f i l e ,  depending upon 
whether the density w a s  greater  than or  less than the  standard density. 

Effect of changes i n  the  gradient of the  atmosphere.- Presented i n  f igure 19 
i s  a time history of an entry f o r  which the  standard atmosphere w a s  varied i n  the  
manner shown by the  dashed l i n e  i n  f igure 12. The i n i t i a l  conditions f o r  t h i s  
entry were the same as f o r  the phase 1 reference t r a j ec to ry  and the desired range 
w a s  10,000 naut ical  miles. 

An examination of figure 19 shows that during phase 1 of the  en t ry  the pre- 
This dicted perigee miss distance gradually increased fo r  the f irst  40 seconds. 

increase resulted because the  vehicle w a s  descending i n t o  a denser atmosphere 
than the reference atmosphere and hence a t  equal density a l t i t udes  the f l ight-path 

18 



angle was steeper f o r  the entry shown i n  figure 19 than f o r  the reference t r a j ec -  
tory.  To overcome this e f fec t ,  the control system called f o r  maximum upward l i f t  
and; inasmuch as t h i s  control became more effect ive as the vehicle descended in to  
denser atmosphere, t he  predicted a l t i t ude  error was reduced t o  z e m  8 s  i s  shown 
i n  the  figure.  
i n  f igure 19 during the skip-out phase of the mission. 

A similar e f f ec t  i n  the predicted e r ro r s  at ex i t  can be observed 

During phase 4 of the  entry more than one control change was required t o  
maintain the  range e r ro r  within the desired l i m i t s .  
other than those with var ia t ions i n  the atmospheric gradient only one control 
change was required during any phase where terminal control techniques were used. 
T h i s  apparent minimum number of required control changes w ~ l s  pointed out i n  
reference 2. 

For all en t r i e s  studied 

Numerous en t r i e s  were computed by using different  assumed var ia t ions i n  the 

pc with a l t i t ude  
gradient of the atmosphere. 
the control system could adequately compensate f o r  changes i n  

The results of these calculations have shown t h a t  

ft of a l t i t ude  and changes i n  the decay f ac to r  B 
f t  

of up t o  2.1 x 10-8 

of up t o  0.22 x 10-l-O ft’l/ft. T h i s  change i n  p, amounts t o  s l i gh t ly  over a 

100-percent change per 200,000 f e e t  of a l t i tude .  Since i n  actual  pract ice  p, 

would most l i k e l y  change with range, this might be thought of as a 100-percent 

(0.7 x 10-7 change i n  p, per 600 naut ical  miles downrange naut ical  m i l e  
t h i s  i s  the  approximate distance the vehicle traGeled during e i the r  the e h r y  o r  
pull-up phases of the mission. The allowable change i n  the  decay fac tor  B can 
be interpreted as a 10-percent change i n  
Although t h i s  10-percent change i n  B appears s m a l l ,  it should be noted t h a t  f o r  
the case i l l u s t r a t e d  i n  figure 19 a 10-percent change i n  B a t  an a l t i t ude  of 
200,000 f e e t  had the same e f fec t  on density as a 100-percent change i n  pc would 
have a t  t he  same a l t i tude .  

B per 200,000 f e e t  of a l t i tude .  

SUMMARY OF RFSULTS 

The r e s u l t s  of a study of an entry guidance system which u t i l i z e s  terminal 
control techniques t o  control the t ra jec tory  of a capsule-type vehicle from para- 
bo l i c  en t ry  conditions t o  a desired destination can be summarized as follows: 

1. The guidance system required computer storage of three portions of a pre- 
computed reference t ra jectory.  
t i o n  of density a l t i t ude  the  guidance system was able t o  compensate f o r  a var ie ty  
of off -nominal ent ry  conditions. 

By s tor ing these reference quant i t ies  as a func- 

2. The guidance system provided t ra jectory control t o  desired destinations 
between 1,200 and 19,000 internat ional  nautical  miles from the i n i t i a l  en t ry  
point. 
ver  was used. 

For desired ranges greater than about 4,200 naut ical  miles a skip maneu- 



3 .  The guidance system worked effect ively fo r  i n i t i a l  off-nominal var ia t ions 
i n  velocity of up t o  +2,500 ft/SeC and fo r  i n i t i a l  en t ry  angles as much as 0 . 8 ~  
greater  than or  l e s s  than the reference value. 

4. The control system was able t o  compensate for  the following var ia t ions i n  
the assumed nominal exponential atmosphere: any constant change i n  atmospheric 
density a t  sea l eve l  from the nominal value, constant changes i n  the decay f ac to r  
of up t o  10 percent, and changes i n  the density from the standard density up t o  
100 percent per 200,000 f e e t  a l t i tude .  

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., October 16, 1963. 
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APPENDIX 
~ 

DESCRIPTION OF TERMINAL CONTROL TECHNIQUE 

~ 

The control procedure, in its simplest form, can be described as a procedure 
by which perturbations of the vehicle trajectory are combined and used in speci- 
fying a control function which causes the vehicle trajectory to meet certain pre- 
determined end conditions. A complete mathematical description of the terminal 
control technique can be found in a number of references (for example, ref. 5). 
Therefore, only a general discussion of the technique and the mechanics involved 
in adapting the procedure to the present study is included. 

~ 

1 

Adjoint Equations for Smal l  Perturbations About a Nominal Trajectory I 

I The equations describing small perturbations along a nominal trajectory are 
' given by 

I a f i where - and 
functions of time, equation (Al) being linear with variable coefficients. 

afi are evaluated along a nominal trajectory, so that they are ag axJ 
1 

I 
~ 

The set of equations adjoint to (Al) is defined as 

n 

dt 
j-1 

afi 
I axJ where the negative transpose of the coefficient matrix - occurs. The term 

yi(t) is the influence function associated with xi(t). This influence function 
shows how variations in the trajectory of the vehicle from a nominal trajectory 
will affect the value of certain trajectory variables at a later point along the 
trajectory. The influence function is obtained by integrating the adjoint equa- 
tions "backwards" along the nominal trajectory. This backward integration is 
necessary since boundary conditions on the influence f'unctions usually arise at 
the end of an entry. 

~ 

i 
i 
1 

In the present study the effects of variations from the nominal trajectory 
l in altitude, flight-path angle, and velocity were considered. Thus equa- 
i tions (E) are given by: 
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i3 

%l a21 a31 

5 3  a23 a33 

= -  E] ah ah ah 

The coefficients fo r  equation (A3) are  given i n  the following equations: 

= s i n  yR 

- - A 57 3 BL cos & 
vRm 

a21 - 

- 2 a33 - - - D 
vRm 
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Linear Prediction Technique 

Since the f i n a l  objective of each phase of the entry w a s  d i f fe ren t  a some- 
w h a t  dizfereilt c a i t r o l  szhem was w e d  i n  guiding the  vehicle during each phase. 
However, the basic  principle involved i n  a l l  cases w a s  as follows: 

The adjoint  solutions and perturbations from a nominal t ra jec tory  were com- 
bined i n  such a manner that.a predicted error i n  the f i n a l  value of some t r a j ec -  
t o ry  variable from a desired value could be obtained. 
t o  control the  l i f t  of the vehicle such that the predicted e r ror  would be reduced. 
For example, consider a hypothetical entry f o r  which the vehicle i s  descending i n  
the  atmosphere from some i n i t i a l  a l t i t ude  hl t o  some f i n a l  a l t i t ude  h2. Sup- 
pose fur ther  t h a t  a scheme i s  desired which w i l l  predict  the value of the veloci ty  
at  h2; t h i s  could be accomplished by using l inear  prediction techniques i n  the 
following manner. 

T h i s  e r ro r  was then used 

A nominal t ra jec tory  i s  computed s ta r t ing  a t  hl ,  with specified i n i t i a l  
conditions i n  veloci ty  and fl ight-path angle, and passing through h2. T h i s  nom- 
i n a l  t r a j ec to ry  should represent an "average" path through these a l t i tudes .  
adjoint  d i f f e r e n t i a l  equations are then integrated backwards along the t r a j ec to ry  
from + t o  hl w i t h  appropriate i n i t i a l  conditions. 

The 

These i n i t i a l  conditions are determined by considering the e r ro r s  i n  f i n a l  
veloci ty  due t o  each of the t ra jec tory  variables. An e r ro r  6V(t) at  any 
t i m e  t along the t r a j ec to ry  would cause the same e r r o r  6V(T) at the  f i n a l  
time T as t +T.  Hence, t he  i n i t i a l  value f o r  the influence function 

associated with veloci ty  would be 1. The effect  of e r ro r s  6y(T) and 6h(T) on 
the  f i n a l  veloci ty  would approach 0 as t +T.  Hence, the i n i t i a l  value of 
these influence functions 

y3(yv) 

and yl(yh) would be zero. Q( YY) 

For t r a j ec to r i e s  with small perturbations about the nominal t r a j ec to ry  the 
f i n a l  veloci ty  cam now be predicted by the following equation which i s  equa- 
t i on  (22) of reference 2 i n  the  notation of the present report: 

and 

where VD i s  +,h desired vel  

VT = VD + 6VT 

i t y  at  the f i n a l  a l t i t ude  h2. A block diagram of 
this prediction system i s  given i n  f igure 20. 
used i n  a control  system t o  bring the f i n a l  veloci ty  c loser  t o  the desired f i n a l  
velocity.  Various forms of t h i s  prediction equation (Ah) were used i n  the  pres- 
en t  en t ry  guidance system. 

T h i s  veloci ty  e r ro r  could now be 
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Figure 2.- Reference t ra jec tor ies  f o r  phase 1. h, = k-OO,oOO feet ;  Vo = 5,000 ft /sec;  
To = -5.30. 
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Figure 3.- Adjoint solutions for phase 1 reference trajectories.  
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Figure 4.- Reference t ra jector ies  for  phase 3 .  h, = 215,500 feet ;  Vo = 29,000 f-tlsec; 
yo = 00. 
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Figure 7.- Adjoint solutions f o r  phase 4 reference trajectories.  
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Figure 7.- Concluded. 
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Figure 19.- Time histories of a skip entry for which the standard atmospheric density was 
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yo = -5.30. 
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